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ABSTRACT 
Drought is a major factor limiting soybean yield in the US.  Under water deficit 
conditions, root systems may exhibit developmental plasticity resulting in morphological 
changes that extend the water-absorbing surface area of the roots, including increases 
in rooting depth and proliferation of lateral roots.   The objective of this study was to 
identify soybean genotypes which exhibit genetic diversity in root system developmental 
plasticity in response to water deficits, in order to enable physiological and genetic 
analyses of the regulatory mechanisms involved.  The long-term goal is to use molecular 
markers to incorporate desirable rooting traits into the breeding program to facilitate 
development of genotypes that are more drought-tolerant.  
Because of the difficulties in studying root system development, a key objective of 
this study was to establish the validity of using a seedling system to select for rooting 
characteristics that favor yield under drought.  Accordingly, studies were conducted both 
at the seedling stage under precisely-controlled water deficits, and during three-week 
soil drying treatments of plants growing in 1.5 m-deep soil columns in controlled-
environment chambers.  Using the seedling system, 11 soybean genotypes selected 
from both domestic and Plant Introduction lines were studied.  The results showed 
substantial genetic diversity in the capacity for increased lateral root development 
(number and total length of roots produced) and in the responses of overall root and 
shoot growth under water deficit conditions.  Studies of the spatial and temporal patterns 
of lateral root development showed that the promotion of lateral root length under water 
viii
 deficit conditions was due to an increased root production rate rather than earlier 
initiation or promotion of root elongation.  Genotypes with either superior or inferior root 
plasticity responses at the seedling stage were selected for more detailed studies using 
the deeper soil cylinder system with more mature plants.  The results showed consistent 
genetic differences in lateral root developmental plasticity under water deficit conditions 
between the seedling and more mature plant systems. 
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CHAPTER 1 
LITERATURE REVIEW 
 
Importance of soybean 
Soybean (Glycine max (L.) Merrill) is a very important crop in the world and was thought 
to be derived from China several thousand years ago (Vavilov, 1973).  In past decades, 
soybean has been increasingly consumed in the world because it was found that many 
components of soybean are beneficial to human health.  It was suggested that soy intake 
could reduce the risk of coronary heart disease, breast cancer, prostate cancer, and other 
diseases (reviewed by Sacks et al., 2006).  In addition, soybean is a main source of high-
quality plant protein and oil for both humans and animals.  Importantly, soybean is regarded 
as one of the most valuable crops for farmers because soybean utilizes nitrogen in the 
atmosphere through the process of biological nitrogen fixation, which saves costs in 
chemical nitrogen fertilizer and also benefits soil fertility and physical structure. 
The United States, Brazil, and Argentina are the leading soybean producers in the 
world, accounting for nearly 90% of world production.  According to statistics of the United 
States Department of Agriculture (USDA, 2007), soybeans were cultivated on about 29% of 
the U.S. crop area in 2006 and were the number two cultivated crop in the United States.  
Soybean production of the United States in 2006 was 86.8 million tons and was ranked 
number one in the world.  The United States is also the largest exporter of soybean in the 
world, and the income from soybean export was around 6.9 billion dollars in 2006.  
Additionally, Missouri is ranked 7th in soybean production (1 billion dollar value in 2006) with 
most of the crop exported to foreign countries (USDA, 2007).  
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Soybean responses to water deficit 
Soybean production can be influenced by many biotic and abiotic factors.  Water deficit 
is one of the most common abiotic factors lessening soybean yield in the world, because 
crops are often exposed to periodic or long-term water scarcity during their life cycle (Boyer, 
1982).  Previous studies indicated that water deficit during flower and pod development 
severely decreased soybean yield (Boyer, 1970; Sionit and Kramer, 1977; Specht et al., 
1986; Westgate and Peterson, 1993), which leads to income loss for farmers due to 
increasing irrigation costs, damage of crop quality, insect infestation, and so forth.  To 
reduce the inhibitory effects of water deficit, agricultural management strategies and 
irrigation technologies such as drip irrigation or water-saving agriculture such as limited 
irrigation at crucial times of soybean growth were developed and applied (Sweeney et al., 
2003).  However, the methods may not be optimal and feasible in areas where water 
resources are highly limited.  In some areas, such strategies may also lead to environmental 
problems related to water quality (Boyer, 1982).  In the long run, therefore, improving 
resistance of soybean itself to water deficit environments should be an alternative and 
reliable way to solve the problem.  
Plant responses to water deficit can be designated into three categories: drought 
avoidance, drought tolerance and desiccation tolerance (Ludlow and Muchow, 1990).  
Drought avoidance reduces the exposure to water deficit conditions by shortening the plant 
life cycle with early maturity. In practice, early maturing soybeans are planted to avoid 
possible drought periods in summer, however, substantial irrigation may still be needed 
because of unevenly distributed rainfalls.  Drought tolerance maintains high water uptake 
and low water-loss during water deficit, and can be attained by superior root system 
development and control of shoot water loss.  Reduced shoot size is a general response to 
control evaporative water loss under water deficit, which results from decreases of cell 
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division and enlargement (Cavalieri and Boyer, 1982).  In addition, shoot water loss can be 
regulated by stomatal closure, thereby maintaining cell turgor; however, photosynthesis is 
therefore reduced (Huck et al., 1983; Liu et al., 2005; Muchow et al., 1986).  Desiccation 
tolerance is the ability of the plant to avoid damage or recover from severe water loss 
through cellular protection and repair (Oliver et al., 2000).  In the present study, I focused on 
how soybean root growth responds to water deficit conditions in order to maintain water 
uptake.  
Plant root system developmental plasticity in response to stresses 
The plant root system is very important to plant growth because it provides physical 
support and the uptake of resources including water and nutrients from the soil (Fitter, 1991).  
The taproot is produced during embryogenesis, and lateral roots, which are major 
components of a mature root system, are produced from the taproot during the lifetime of a 
plant (Malamy and Benfey, 1997).  Root system development and growth, especially lateral 
roots, are not only controlled by genetic background, but are significantly regulated by the 
changing soil environment where roots grow.  As a living organ, the root system has the 
ability to exhibit morphological, structural, and physiological responses to an unfavorable 
environment in order to maximize the acquisition of resources, which is defined as root 
developmental plasticity (Lynch and Ho, 2005). Specific plastic responses of roots include 
changes of taproot elongation, lateral root and root hair formation, elongation and 
distribution, and ability to absorb water and nutrients. 
Many crops showed root developmental plasticity in response to a certain environment.  
A classical and striking example for root developmental plasticity was illustrated by work of 
Drew (1975).  The author studied the effect of heterogeneous supply of phosphate, nitrate, 
and ammonium on barley, and he found localized promotion of lateral root development in 
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nutrient-rich patches.  Similarly, promotion of lateral root development was also found in rice 
with localized supply of phosphorus (He et al., 2003).   
Root developmental plasticity was also found in soybeans under various stressed 
environments.  In a field study, it was suggested that flooding promotes aerenchyma 
formation of soybean roots through programmed cell death (Bacanamwo and Purcell, 2001).  
Shallower lateral roots were found in the phosphorus-rich cultivated soil layer, and 
genotypes with greater root developmental plasticity under phosphorus deficiency showed 
higher phosphorus efficiency and yield in a field study (Zhao et al., 2004).   
Soybean root responses to water deficit 
Although the first study of the soybean root system was performed in the 1930’s (Borst 
and Thatcher, 1931), the regulation of soybean root system developmental plasticity, 
especially root proliferation, under water deficit conditions is still unclear because of the 
difficulty of studying the root system.  
Several studies of soybean morphological root plasticity under water deficits were 
carried out during 1970 to 1980 and most of them were under field conditions.  When water 
was sufficiently supplied, soybean lateral roots are mostly distributed in the upper soil 
(Allmaras et al., 1975).  It was found that soybean lateral root number per unit of taproot 
length significantly increased as the soil water potential decreased, but no promotion of 
taproot length or diameter was observed (Read and Bartlett, 1972).  Under water deficit 
conditions, many lateral roots proliferated at greater depths.  Consequently, the root dry 
matter and root length decreased in the upper layer but increased in the lower layer (Garay 
and Wilhelm, 1983; Hoogenboom et al., 1987; Huck et al., 1986; Mayaki et al., 1976; 
Robertson et al., 1980).  
It was hypothesized that the root distribution is related to the soil water extraction 
pattern because the greatest uptake zone of the plant root is behind the growing apex 
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(Brouwer, 1953), and this idea was verified in soybeans in the 1970’s.  In field conditions, 
the interaction between soybean rooting and water extraction patterning was examined and 
indicated that root depth is correlated with water uptake from the soil (Allmaras et al., 1975; 
Arya et al., 1975).  In addition, the distribution of root density and rooting depth were closely 
correlated with the water availability in the soil when two soybean cultivars were studied 
(Burch et al., 1978).  The results suggested that increased root developmental plasticity, 
especially morphological or architectural changes, is one of the methods to avoid plant 
water deficit by enhancing the ability to exploit water from the soil.  In addition to increasing 
water uptake, plant roots can sense water deficit and cause physiological changes in the 
shoot (Saab and Sharp, 1989).  It was found that more carbon was re-distributed to roots of 
soybean seedlings under water-stressed conditions (Silvius et al., 1977), which correlated 
with root developmental plasticity.   
In these studies, however, genetic diversity of root system plasticity among soybean 
genotypes in response to drought has not been identified because that the genotypes used 
were very few or the responses of genotypes were similar.  Interestingly, a recent field study 
showed that the pattern of root distribution of a soybean cultivar (Pioneer 9294) under soil 
drying conditions was the same as that under irrigation at late bloom and mid pod fill stages 
(Benjamin and Nielsen, 2006), suggesting that some genotypes lack the root plasticity 
response.  Unfortunately, the results are not directly comparable to previous studies due to 
climate differences and other variables in experimental conditions.   
A striking and convincing example for genetic diversity in root plasticity in response to 
soil drying was reported in a study of common bean (Sponchiado et al., 1989).  Two drought 
tolerant common bean cultivars showed remarkable promotion of root density in the deeper 
part of the soil profile under soil drying conditions, but the phenomenon was not found in 
drought sensitive cultivars.  Importantly, there was no difference of yield in the compared 
cultivars under adequate water supply, but the yield of the drought tolerant cultivars under 
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soil drying conditions was much higher than that of the drought sensitive cultivars.  
However, whether there is widespread genetic diversity among different soybean cultivars in 
a consistent environment and inherited mechanisms for the root plasticity adaptation to 
water deficit is not well studied.   
Utilization of seedling experiments 
The study of soybean root developmental plasticity in response to water deficit in the 
field is inefficient, laborious and sometimes inaccurate due to errors in sample collection.  In 
addition, the experimental conditions are hard to control and may introduce other unknown 
factors into a drought study, which can make field data hard to interpret.  Therefore, it was 
necessary to establish a system which has precisely-controlled conditions of water 
availability and is easy to operate.  Previous researchers developed a system with precisely 
controlled water availability conditions for young seedlings of maize and soybean, in order to 
investigate the growth of the primary root and shoot under water deficit conditions 
(Creelman et al., 1990; Nonami et al., 1997; Sharp et al., 1988).  However, this system has 
not been utilized for screening of genetic diversity of lateral root developmental plasticity in 
response to water deficits.  
The response of root development at the seedling stage is important to soybean yield. 
Effects of water deficits on soybean yield at different development stages were examined by 
Doss et al. (1974).  The yield losses of soybeans which were water-stressed at the seedling 
stage were significantly lower than those with adequate water during the seedling stage but 
limited water thereafter.  The results implied that the early stage of water deficit may help 
soybean plants establish their root system, which has positive effects on growth later in the 
season.  In addition, Hoogenboom et al. (1987) and Huck et al. (1983) suggested that plants 
with a relatively small root system induced by irrigation at the early stage of development are 
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susceptible to water deficit occurring in late-season, and that soybean production will benefit 
from a larger root system at the early stage of vegetative development.   
Overall objectives 
The objectives of this study were to establish a seedling screening system with 
precisely-controlled water deficits and to use this system to identify soybean genotypes 
which exhibit genetic diversity in root system developmental plasticity in response to water 
deficits, mainly using soybeans from maturity groups which grow well in Missouri.  In 
addition, spatial and temporal distributions of lateral root development were investigated in 
order to understand the underlying cause of the responses of lateral root plasticity.  The 
validity of the seedling system was tested by using more mature soybean plants grown in 
1.5 m-deep soil cylinders in controlled environment chambers.  The long-term goal is to use 
molecular markers to incorporate desirable rooting traits into the breeding program to 
facilitate development of soybeans that are more drought-tolerant.  
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 CHAPTER 2 
GENETIC DIVERSITY IN SOYBEAN ROOT SYSTEM 
DEVELOPMENTAL PLASTICITY IN RESPONSE TO MILD WATER 
STRESS AT THE SEEDLING STAGE 
Introduction 
Field studies have shown that optimal spatial distribution of the soybean root system 
can help sustain soil water extraction and promote improvement in yield in dry years (Garay 
and Wilhelm, 1983; Hoogenboom et al., 1987; Huck et al., 1986; Mayaki et al., 1976; 
Robertson et al., 1980).  Although genetic diversity in the response of root developmental 
plasticity to water deficits was found in other plants, including common bean (Sponchiado et 
al., 1989), it has been rarely reported in soybean.  To screen for rooting characteristics in 
response to water deficit in soybean genotypes, field studies are not an optimal method due 
to difficulties of operation and potential problems of accuracy.   A seedling system with 
precisely controlled water potential was developed for studies of primary root and shoot 
growth in maize and soybean (Creelman et al., 1990; Nonami et al., 1997; Sharp et al., 
1988), but it has not been used for the study of soybean lateral root development. 
The objective was to develop a soybean seedling system to identify genetic diversity in 
root developmental plasticity, particularly of lateral roots, in response to precisely controlled 
mild water deficit, in order to enable physiological and genetic analyses of the regulatory 
mechanisms involved.   
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Materials and Methods 
Growth conditions and experimental procedures 
The growth conditions were modified from established systems for primary root growth 
studies of soybean and maize (Cavalieri and Boyer, 1982; Sharp et al., 1988).  In brief, 
uniform and non-defective soybean seeds were surface sterilized with 1% NaOCl for 2 mins 
and rinsed with running tap water for about 30 mins followed by deionized water for 2 mins, 
then germinated on germination paper (Anchor Paper Company, Minnesota, USA) saturated 
with nutrient solution (either 10 mM CaCl2 and 10 mM Ca(NO3)2 or full nutrient solution) in 
the dark at 29°C and 100% relative humidity.     
Seedlings with taproot length of about 15 mm were transplanted next to the wall of clear 
plastic cylinders which were 15 cm in diameter and 60 cm in height.  The cylinders were 
filled with a mixture of vermiculite and Turface (volumetric ratio of 1:1) which was thoroughly 
mixed with differing amounts of nutrient solution to achieve desired water availabilities: well 
watered (water potential of -0.07 MPa, soil was saturated and well drained) and mild water 
deficit (water potential of -0.25 ± 0.03 MPa).  The water potential of -0.25 MPa was chosen 
because preliminary studies showed that it led to the maximum increase in lateral root 
proliferation (Figure I-1) compared to well-watered controls in the Magellan and Williams 82 
(Hejlek LG, personal communication).  Recent studies have confirmed that maximum lateral 
root proliferation also occurs at -0.25 MPa in the genotypes PI 437654 and Essex, which 
showed contrasting responses of lateral root development under mild water deficits in the 
studies reported in this thesis (Figure I-1; JS Garnett, personal communication).  Water 
potentials were measured using isopiestic thermocouple psychrometry (Boyer and Knipling, 
1965).  A layer of aluminum foil surrounded the outside of the cylinder to prevent light from 
reaching the roots, and a layer of moist cheesecloth was placed on top of the cylinder to 
minimize evaporative water loss and thereby maintain the water potential of the medium.  
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Fiberglass mesh covered the bottom of the cylinder.  Seedlings were then grown in a growth 
chamber at 29°C with a 14 h photoperiod at a photosynthetic photon flux density of 450 
μmol photons m-2 s-1 (supplied by fluorescent lamps) and 100/90% (night/day) relative 
humidity.  
At harvest (4 or 5 days after transplanting), the roots were gently removed from the 
medium.  The taproot length was measured with a ruler and then the taproot was cut into 
two sections at 3 cm from the hypocotyl-root junction, as illustrated in Figure 2.1.  Lateral 
root number and lateral root length in each section were scanned and analyzed using 
WinRhizo Pro (Régent Instruments, Québec, Canada).  Shoot length was measured directly 
with a ruler at harvest.  Shoot and root biomass (dry weight) were measured after oven-
drying (60°C) for three days. 
Water potential of the medium was also measured at the end of the experiment to 
confirm that the water potential remained in the desired range and was not significantly 
changed compared to that prior to transplanting.  
To illustrate the responses of soybean genotypes to mild water deficit, developmental 
plasticity was determined to be the ratio of a trait, such as lateral root number, under mild 
water deficit conditions (-0.25 MPa) over that of the well-watered control (Reader et al., 
1992). 
System development 
To develop a screening system for soybean root developmental plasticity, a series of 
preliminary experiments were undertaken to determine optimal growth conditions.  First, 
seedlings of Magellan (Schapaugh et al., 1998), Maverick (Sleper et al., 1998), and Williams 
82 (Bernard and Cremeens, 1988) were grown in the dark for 96 h using 10 mM CaCl2 and 
10 mM Ca(NO3)2 as the added nutrient solution (Cavalieri and Boyer, 1982)  A layer of 
transparency film was attached to the cylinders in order to record taproot growth at 0, 32, 72, 
and 96 h, and the root systems were harvested at the end of the experiment.  Second, 
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seedlings of Magellan, Maverick, and Williams 82 were grown with a 14 h photoperiod as 
used by Boyer (1970) for 96 h using 10 mM CaCl2 and 10 mM Ca(NO3)2.  Third, seedlings of 
Magellan were grown with a 14 h photoperiod for an extended duration of 120 h using 10 
mM CaCl2 and 10 mM Ca(NO3)2 in order to improve the resolution of lateral root 
development.  Lastly, seedlings of Magellan were grown in medium with full strength nutrient 
solution containing (in μM) CaCl2 (2000), K2SO4 (312), MgSO4 (500), K2HPO4 (500), 
NH4NO3 (5000), FeSO4 (25), H3BO3 (2.3), CuSO4 (0.15), ZnSO4 (0.6), MnSO4 (0.9), and 
Na2MoO4 (0.1) NiCl2 (0.11), CoCl2 (0.01) (Todd and Polacco, 2004; with modifications as 
suggested by Dr. DG Blevins).  
Screening experiments 
Plant materials 
Eleven domestic and exotic soybean genotypes were selected for the screening study 
according to their local adaptation and/or responses to water deficit (Table 2.1).  Magellan is 
a drought tolerant elite cultivar with high yield potential (DA Sleper, personal 
communication), and Pana (Nickell et al., 1998) is a drought sensitive elite cultivar under 
field conditions in Missouri (DA Sleper, personal communication).  Williams 82 is thought to 
be more sensitive to drought conditions at the reproductive stage than some older cultivars 
due to its decreased stomatal closure, although it is widely adapted to various environments 
(Frederick et al., 1990; Specht et al., 1986). Hutcheson (Buss et al., 1988) is a commonly 
grown cultivar used as a performance check in drought studies for symbiotic N2 fixation (Ray 
et al., 2006; Sinclair et al., 2007).  PI 416937 is a Plant Introduction line from Japan with a 
fibrous root system when it was compared with Forrest (Hartwig and Epps, 1973), a 
commonly grown cultivar (Pantalone et al., 1996).  
Five Plant Introduction soybean lines were supplied by Dr. Jim Specht at the University 
of Nebraska.  Responses to drought of these lines were designated based on the field 
performance of 700 accessions under both irrigated and non-irrigated conditions in the field 
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in 2003-2004.  From these results, three drought tolerant lines (PI 437863A, PI 438258, and 
PI 567217C) and two drought sensitive lines (PI 398697 and PI 464920B) were selected for 
the present study (Table 2.1, unpublished).   
Experimental design 
The screening experiments were arranged as a split-plot design with three replicates 
achieved over time. The two water availability conditions were the main plot and the 11 
soybean genotypes were the sub plot.  For each replicate, 30 seedlings in three cylinders 
were analyzed as sub-samples.    
Statistical analysis 
A split-plot analysis of variance (ANOVA) was used to determine the main and 
interaction effects by using Mixed Procedures of SAS software version 9.1 (2002, SAS 
Institute Inc.).  Water levels and genotypes were considered as fixed effects, and replicates 
as random effect.  Means were examined with a series of pair-wise contrasts.  With respect 
to developmental plasticity, a randomized complete design was used. The results of the 
statistical analysis are presented in Table II-2.  
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Results and Discussion 
1. Development of the screening system for soybean root plasticity in response to 
mild water deficits at the seedling stage 
In previous studies, dark-grown seedlings were used to study hypocotyl and taproot 
growth under precisely controlled water deficit conditions (Creelman et al., 1990; Sharp et 
al., 1988).  These studies were typically limited to 48 h duration, which is insufficient for 
studies of lateral root development.  Therefore, light- and dark-grown systems were 
compared for soybean root developmental plasticity and overall growth. Because of 
etiolation, soybean shoot length of dark-grown soybeans was substantially higher than that 
of light-grown seedlings at 96 h after transplanting (Table I-1). This response may have 
influenced root system development of dark-grown soybean under both well-watered and 
mild water deficit conditions, since taproot length, total lateral root number (the sum of 
lateral root number in both taproot sections), and total lateral root length (the sum of lateral 
root length in both taproot sections) were decreased in dark-grown compared to light-grown 
seedlings.  Therefore, light-grown seedlings were selected for further study of lateral root 
developmental plasticity in order to eliminate the interference of root system development by 
excessive shoot elongation.   
Although genetic diversity in root developmental plasticity was found in preliminary 
studies of light-grown seedlings of Magellan, Maverick, and Williams 82 (Table I-2), the 
amount of lateral roots produced was very small.  To optimize the system, the growth period 
was increased to 120 h to provide a longer response time.  After growing for one more day, 
the seedlings had a larger root system and shoot length.   
The use of 10 mM CaCl2 and 10 mM Ca(NO3)2 as the nutrient solution added to the 
growth media may result in other nutrient deficiencies  which could affect root system 
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development.  To examine the possibility, seedlings grown in media with 10 mM CaCl2 and 
10 mM Ca(NO3)2 were compared to those grown in media with a full strength nutrient 
solution.  Under both well-watered and mild water deficit conditions, no significant 
differences of soybean growth, both above ground and below ground, were found in five-
day-old Magellan seedlings when the different nutrient regimes were supplied (Table I-3).  
This result is probably associated with the low requirement for nutrients at the young 
seedling stage or the nutrient supply from cotyledon reserves as suggested by Harris et al. 
(1986).  Accordingly, in subsequent experiment, the medium with 10 mM CaCl2 and 10 mM 
Ca(NO3)2 was selected. 
2. Genetic diversity of root developmental plasticity in response to mild water deficit 
Table 2.2 shows the lateral root number and length of the 11 soybean genotypes grown 
under well-watered and mild water deficit conditions.  As compared with well-watered 
controls, lateral root number was significantly increased under mild water deficit conditions 
in 8 genotypes at 5 days after transplanting.  The genotypes Pana, PI 567217C, and PI 
464920B exhibited non-significant changes in lateral root number under mild water deficit 
conditions, and were designated as inferior genotypes.  Under mild water deficit conditions, 
the genotypes PI 437863A, Magellan, and Forrest showed substantially increased lateral 
root numbers which were at least 25% more than the well-watered treatment, and were 
designated to be superior genotypes.  The rest of the genotypes examined were designated 
as intermediate genotypes (Figure 2.2).  Statistical analysis indicated that there was 
significant genetic variability in lateral root number under the tested water conditions, but 
there was no water by genotype interaction (Table 2.2 and II-2.2, p<0.05).  Under well-
watered conditions, PI 437863A had the least and PI 416937 had the largest lateral root 
number.  However, under mild water deficit conditions, PI 438258 had the least and Williams 
82 had the largest lateral root number.  It is noteworthy that in the five Plant introduction 
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lines from J Specht at the University of Nebraska, a generally positive correlation was 
observed between the ability for lateral root proliferation in response to water deficit at the 
seedling stage and yield performance under drought in field trials (Figure I-1.2).  However, 
to establish a statistically significant correlation, more genotypes should be examined in the 
screening system and compared to the field performance. 
Previous studies in soybean indicated that water deficit tends to increase root length 
density at depth in the soil profile (Hoogenboom et al., 1987; Read and Bartlett, 1972; 
Robertson et al., 1980), and the same response to water deficit was found in the present 
study (Figure 2.3).  Compared with the well-watered treatment, lateral root length of all the 
tested genotypes except PI 567217C was significantly increased under water deficit at 5 
days after transplanting (Table 2.2 and II-2.2).  Similar to the developmental plasticity of 
lateral root number, PI 437863A had the largest increase of lateral root length (50%) and PI 
464920B had the least promotion (10%).      
 Lateral root growth is controlled by genetic background, as illustrated by the variation 
among the tested genotypes under well-watered conditions (Table 2.2, 2.3, 2.4, and 2.5).  
Soybeans from maturity group V had relatively larger lateral root formation and length under 
well-watered conditions than those from maturity group II.  PI 416937, the genotype from 
Japan previously reported to have a fibrous root system, had the largest lateral root number 
and length, which is consistent with previous studies (Pantalone et al., 1996).  Similarly, 
Hutcheson and Forrest had larger lateral root numbers and lengths when compared with PI 
437863A and PI 438258.   
The emphasis of the present study was to identify the plasticity of soybean root system 
development to mild water deficit, in order to maintain a higher rate of water uptake from the 
soil environment.  Interestingly, higher developmental plasticity in response to an 
unfavorable environment was not always equivalent to a larger root system.   For instance, 
PI 437863A, a superior genotype in the seedling screening system, had the largest 
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developmental plasticity of lateral roots in response to water deficit but also had the smallest 
lateral root number and length under well-watered conditions among the genotypes 
examined (Figure 2.2; Table 2.2).  In contrast, Magellan, another superior genotype in 
response to water deficit, had a substantially larger lateral root number and length than the 
other genotypes under well-watered conditions (Figure 2.2; Table 2.2).    
The promotion of lateral root development in a certain location could be an effect 
brought about by inhibition of lateral root growth elsewhere, which has been suggested as a 
tradeoff in the root system (Ho et al., 2005; Nielsen et al., 1994).  The number of lateral 
roots from the top 3 cm of the taproot in PI 438258, Hutcheson, and PI 464920B was 
significantly inhibited under mild water deficit conditions, but was not affected by mild water 
deficit in the other genotypes (Table 2.3, II-2.1 and II-2.2, p<0.05).  Lateral root length of 
most genotypes, however, was significantly inhibited in the top 3 cm of the taproot when 
water was inadequately supplied, except in PI 398697 (Table 2.3, II-2.1, and II-2.2, p<0.05).  
Therefore, promotion of lateral root number and length in the deeper soil profile might be a 
direct result of inhibition of lateral root growth in the upper soil profile.  However, significant 
promotion of total lateral root length in the entire soil profile was found in Williams 82, which 
suggests that the mechanism of response of lateral root development to water deficit 
conditions is more complex than a simple tradeoff between lateral roots at different locations.   
In addition, tradeoff may occur between the taproot and its own lateral roots.  However, 
taproot growth was not significantly inhibited by mild water deficit (range of response was 
89%-105% of well-watered controls, Figure 2.4).  The taproots of PI 437863A and PI 
438258 under mild water deficit were equivalent to or slightly longer than those under well-
watered conditions, and importantly, PI 437863A showed the maximum increase of lateral 
root development in response to water deficits.  Therefore, the promotion of lateral root 
development was not at the expense of taproot growth.   
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Significant genetic diversity in taproot length was found under both well-watered and 
mild water deficit conditions (Table 2.4, II-2.1, and II-2.2, p<0.05).  Under well-watered 
conditions, Forrest had the longest taproot growth of 37.2 cm while PI 437863A had the 
least taproot growth with 29.3 cm.  Under water deficit conditions, Williams 82 had the 
longest taproot growth of 34.8 cm while PI 567217C had the least taproot growth of 28.9 cm.   
3. Overall performance of soybean seedlings in the screening system 
Shoot length of all genotypes significantly decreased under mild water deficit conditions 
by 20-40%, however there was no significant difference in the response among genotypes 
(Figure 2.5; Table II-2.1, p<0.05).  Under both well-watered and mild water deficit conditions, 
no significant difference of shoot length was found between superior and inferior genotypes 
(Table 2.4 and II-2.2, p<0.05).  In addition, water deficit substantially inhibited shoot biomass 
in all the tested genotypes (Table 2.5, II-2.1, and II-2.2, p<0.05).  Under well-watered 
conditions, Hutcheson had the largest shoot dry weight of 43 mg, while PI 567217C had the 
smallest shoot dry weight of 31 mg.  Under mild water deficit, however, PI 398697 had the 
highest shoot dry weight of 36 mg, while Magellan had the smallest shoot dry weight of 24 
mg.  The reduction in shoot growth could be advantageous to lessen water loss above 
ground and redistribute carbohydrates to promote root growth in order to improve plant 
water status by increasing water absorption in drying soil.  To determine the possible 
mechanism of carbohydrate redistribution, detailed analysis should be conducted in the 
future. 
Under either well-watered or mild water deficit conditions, no significant difference was 
found in total root dry weight of all tested genotypes.  However, significant differences were 
found between the water treatments and in the interaction between water treatment and 
genotype (Table II-2.2).  Root biomass was significantly reduced by water deficit except in 
Williams 82, PI 438258, PI 398697, PI 416937, and Hutcheson (Table 2.5).   
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An effective screening system is capable of shortening screening time and increasing 
accuracy for root developmental plasticity in response to water deficit, which is essential for 
future breeding progress.  Relative to studies with mature plants, the seedling system has 
many advantages.  It is not only quick, less laborious, well controlled, and highly 
reproducible (Cavalieri and Boyer, 1982; Creelman et al., 1990; Sharp et al., 1988), but it 
also allows the observation of dynamic root development which was explored in the studies 
reported in chapter 3.   
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Figure 2.1 Representative root systems of PI 437863A at 5 days after transplanting to well-
watered and mild water deficit conditions, illustrating that lateral root analyses were divided 
between the uppermost 3 cm and the rest of the taproot 
 
 
3cm
   Well watered          Mild water deficit
 
 
 
 
 
30
Figure 2.2 Genetic diversity in the response of lateral root number to mild water deficit (ratio 
of lateral root number of soybean seedlings grown under water deficit conditions over those 
of well-watered seedlings).  Data are means ± SE (n = 3) and exclude the top 3 cm of the 
taproot.  The same letters indicate non-significant differences at the p<0.05 level. 
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Figure 2.3 Genetic diversity in the response of lateral root length to mild water deficit (ratio of 
lateral root number of soybean seedlings grown under water deficit conditions over those in 
well-watered seedlings).  Genotypes were listed in the same order determined in Figure 2.2.  
Data are means ± SE (n = 3) and exclude the top 3 cm of the taproot.  The same letters 
indicate non-significant differences at the p<0.05 level. 
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Figure 2.4 Genetic diversity in the response of taproot length to mild water deficit (ratio of 
taproot length of soybean seedlings grown under water deficit conditions over those in well-
watered seedlings).  Data are means ± SE (n = 3).  The same letters indicate non-significant 
differences at the p<0.05 level. 
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Figure 2.5 Genetic diversity in the response of shoot length to mild water deficit (ratio of 
shoot length of soybean seedlings grown under water deficit conditions over those in well-
watered seedlings).  Data are means ± SE (n = 3).  The same letters indicate non-significant 
differences at the p<0.05 level. 
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CHAPTER 3 
SPATIAL AND TEMPORAL DISTRIBUTION OF SOYBEAN LATERAL ROOT 
DEVELOPMENT UNDER MILD WATER DEFICIT AT THE SEEDLING STAGE  
 
Introduction 
To extract water from the soil under mild water deficit conditions, it is important to have 
enough roots in contact with the available water (Allmaras et al., 1975; Arya et al., 1975).  
Therefore, an optimal spatial and temporal distribution of the root system contributes to the 
effective uptake of water from a water-deficient soil condition.  In Chapter 2, genetic diversity 
in soybean root developmental plasticity was observed at 5 days after transplanting to mild 
water deficit conditions.  The number and total length of lateral roots of superior genotypes 
were significantly stimulated under mild water deficit, and these responses were much less 
pronounced in inferior genotypes.  The increase in number of lateral roots could result from 
increases in root production rate or earlier root emergence compared to well-watered plants.  
The increase in total length of lateral roots could result from the increase in root number but 
could also involve an enhanced elongation rate of the individual lateral roots.  These 
different responses could also vary at different locations along the taproot and stages of 
development.  Therefore, the objective of the studies reported in this chapter was to assess 
the spatial and temporal distributions of lateral root production and elongation in selected 
genotypes which covered the range of lateral root responses in the screening system, in 
order to investigate the underlying cause of the plastic responses of lateral root 
development under mild water deficit.     
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Materials and Methods 
1. Spatial distribution of lateral root development at 5 days after transplanting 
Plant materials 
Eight soybean genotypes which covered the range of lateral root responses to mild 
water deficit were evaluated: PI 437863A, Magellan, Williams 82, PI 438258, Hutcheson, 
Pana, PI 567217C, and PI 464920B.   
Experimental design 
For each of these replicates, four representative seedlings (close to the means of lateral 
root number, lateral root length, taproot growth, and shoot length) under well-watered and 
mild water deficit conditions were selected from the scanning images described in Chapter 2, 
and were analyzed as sub-samples.   The taproot of each seedling was partitioned into 
seven successive 3-cm sections (distances from the root-hypocotyl junction were 0-3 cm, 3-
6 cm, 6-9 cm, 9-12 cm, 12-15 cm, 15-18 cm, and 18-21 cm), and the number and length of 
lateral roots located in each section were analyzed with WinRhizo Pro (Régent Instruments, 
Québec, Canada). 
Statistical Analysis 
A split-plot analysis of variance (ANOVA) in space was used to determine the main and 
interaction effects by using Mixed Procedures of SAS software version 9.1 (2002, SAS 
Institute Inc.).  The water availability conditions and the genotypes were considered as fixed 
effects, and replicates as random effect.  Means were examined with a series of pair-wise 
contrasts.  The results of the statistical analysis are presented in Table II-3.  
2. Temporal analysis of lateral root production and elongation rate 
Plant materials 
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Two superior genotypes (PI 437863A and Magellan) and two inferior genotypes (Pana 
and PI 464920B) which exhibited contrasting responses of lateral root plasticity to mild water 
deficit (Chapter 2) were assessed.   
General procedures 
Growth boxes were made of transparent Plexiglas with dimensions of 45 x 30 x 60 cm 
(length x width x height).  The boxes were evenly divided into two independent 
compartments separated with a Plexiglas divider to test two contrasting genotypes at the 
same time.  Walls on both sides were tilted by about 15° in order to observe root growth 
along the wall.  Transparent film was attached to the outside of the wall in order to monitor 
root production and elongation.  Except during marking (see below), the boxes were 
covered with a layer of opaque black plastic sheet and aluminum foil on both sides in order 
to prevent light from reaching the roots.  The boxes were filled with vermiculite/Turface 
(50/50 volume) which was adjusted to the desired water potentials (well watered or mild 
water deficit of -0.25 MPa) as described in Chapter 2.   
Six uniform seedlings per treatment per experiment were transplanted into the boxes 
along the inside of each wall.  The top of the box was covered with a layer of moist 
cheesecloth to minimize transpiration and evaporation from the medium.  Seedlings were 
grown for 5 days, and the visible lateral roots were delineated with colored permanent 
markers on the transparent films at 24 h intervals under green “safe light” conditions (Saab 
et al., 1992).  Lateral root production and elongation in successive 3-cm sections of the 
taproot (distances from the root-hypocotyl junction were 0-3 cm, 3-6 cm, 6-9 cm, 9-12 cm, 
12-15 cm, 15-18 cm, and 18-21 cm) at 1, 2, 3, 4, and 5 days after transplanting were 
determined.  Taproot elongation was also assessed.  Other experimental procedures were 
as described in Chapter 2. 
Experimental design 
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The study was arranged as a split-plot design in space and time with three replicates 
achieved over time. The two water availability conditions (well watered and mild water deficit) 
were the main plot and the four genotypes were the sub plot.  For each replicate, six 
soybean seedlings were investigated as sub-samples.    
Statistical Analysis 
A split-plot analysis of variance (ANOVA) in space was used to determine the main and 
interaction effects by using Mixed Procedures of SAS software version 9.1 (2002, SAS 
Institute Inc.).  Water levels and genotypes were considered as fixed effects, and replicates 
as random effect.  Means were examined with a series of pair-wise contrasts.  The results of 
the statistical analysis are presented in Table II-3.  
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Results and Discussion 
1. Genetic diversity in spatial distribution of soybean lateral root development in 
response to mild water deficit 
The spatial distribution of the number of lateral roots at 5 days after transplanting to 
well-watered or mild water deficit conditions is illustrated in Figure 3.1, and the statistical 
results are shown in Table II-3.1 (p<0.05).  The superior responses of lateral root number to 
mild water deficit in PI 437863A and Magellan resulted from stimulation of lateral root 
number between 9-18 cm along the taproot of PI 437863A and 6-18 cm along the taproot of 
Magellan.  The intermediate responses of Williams 82 and PI 438258 were caused by 
significant increases of lateral root number at 3-6 cm along the taproot of Williams 82 and 6-
9 cm along the taproot of PI 438258.  In contrast, no significant increases of lateral root 
number were found at any location in Hutcheson, Pana, PI 567217C and PI 464920B under 
mild water deficit compared to control conditions.  The number of lateral roots associated 
with the top 3 cm of the taproot was inhibited in PI 438258, Hutcheson, and PI 464920B, 
and unaffected in the other genotypes.   
The spatial distribution of lateral root length is illustrated in Figure 3.2 and the statistical 
results are shown in Table II-3.2 (p<0.05).  The length of lateral roots significantly increased 
under mild water deficit conditions at 3-6 cm along the taproot of PI 437863A and 6-12 cm 
along the taproot of Magellan.  In addition, significant increases of lateral root length induced 
by mild water deficit were found at 3-6 cm along the taproot of Williams 82 and 6-9 cm along 
the taproot of PI 438258.  No significant increases of lateral root length occurred in the 
inferior genotypes except at 3-6 cm along the taproot of PI 567217C.  The length of lateral 
roots associated with the top 3 cm of the taproot significantly decreased in all the genotypes.     
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The results indicate that soybean lateral root number was more responsive to water 
deficit than root length at the seedling stage.  For example, the significant increases in 
number of lateral roots were found at 6-18 cm along the taproot in Magellan; however, the 
increases of lateral root length were only found at 6-12 cm along the taproot.   
To calculate the mean length per lateral root at the different locations along the taproot, 
the total lateral root length was divided by total lateral root number in each section.  The 
results are illustrated in Figure 3.3 and the statistical results are shown in Table II-3.3 
(p<0.05).  Mild water deficit had little effect on the mean length per lateral root in the 
sections below the top 3 cm of the taproot, while significant inhibition was found in the 
uppermost section of Magellan, Williams 82, Pana, PI 567217C, and PI 464920B.  These 
results suggested that the elongation of individual lateral roots was not increased by water 
deficits in either the superior or inferior genotypes; this question was explored in more detail 
in the following experiment. 
2. Time course of lateral root development  
The plastic response of the number of lateral roots could result from localized changes 
in root production rate or the timing of root formation.    When the spatial pattern of lateral 
root development was monitored at 24 h intervals, roots from the top 6 cm of the taproot 
were first visible two days after transplanting to both well-watered and mild water deficit 
conditions in all of the genotypes (Figure 3.4 - 3.7).  Earlier emergence of lateral roots was 
not found at any location in any of the genotypes in response to mild water deficit conditions.  
Instead, at each location along the taproot, the superior genotypes PI 437863A and 
Magellan had a higher production rate of lateral roots under mild water deficit conditions 
than under well-watered conditions during the first 24-48 h period after initial root 
emergence.   Subsequently, the root production rates between well-watered and mild water 
deficit conditions were similar.  Under water deficit conditions, lateral root number of PI 
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437863A was significantly increased at 3-6 cm and 9-15 cm along the taproot at 3-5 days 
after transplanting (Figure 3.4; Table II-3.4, p<0.05), and that of Magellan was dramatically 
promoted at 6-21 cm along the taproot at 3-5 days after transplanting (Figure 3.5).  
Significant increases of root production rate were not found in the inferior genotypes PI 
464920B and Pana, except at 15-18 cm along the taproot of Pana.   
It is notable that the elongation rate of individual lateral roots was not influenced by 
mild water deficit in any of the tested genotypes at any location along the taproot at any time 
during the experiments (Figures 3.8-3.11, Table II-3.5, p<0.05).  Accordingly, the analysis 
confirms that the increases of lateral root length observed at 5 days after transplanting in the 
superior genotypes resulted specifically from the increases in lateral root production.   
The elongation rate of the taproot for all the tested genotypes was unaffected by the 
mild water deficit conditions throughout the experiment (Figure 3.12), reinforcing the 
conclusion made in Chapter 2 that the increases in lateral root production in the superior 
genotypes were not associated with a tradeoff between the growth of the taproot and lateral 
roots.  
Lateral root production depends on initiation, formation of primordia, and emergence 
(Casimiro et al., 2003).  A preliminary experiment showed that the increased number and 
production rate of lateral roots in response to water deficits in soybean seedlings may result 
from the higher emergence rate rather than increased number of lateral root initials or 
primodia (Figure III-2; Table III-1 of Appendix III).   
Although intrinsic and environmentally regulated pathways of lateral root formation have 
been investigated for decades in various plants (Malamy, 2005), the mechanisms are still 
poorly understood.  Evidence from Arabidopsis studies indicates that phytohormones play 
very important roles in lateral root development.  For example, studies have shown that 
lateral root development is stimulated by auxin (Bhalerao et al., 2002;  Himanen et al., 2002; 
Marchant et al., 2002; Reed et al., 1998; Ruegger et al., 1997), ethylene (Borch et al., 1999 
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and references therein), and brassinosteroids (Bao et al., 2004), and inhibited by ABA (De 
Smet et al., 2003; Razem et al., 2006) and cytokinin (Li et al., 2006; Riefler et al., 2006; 
Werner et al., 2003).  Clearly, the hormonal regulatory pathways of lateral root development 
are complex and deserve further investigation especially in the case of soybean root 
proliferation in response to water deficit.  
In addition, the formation of lateral roots is an energy-saving strategy for stressed 
environments, which could benefit plant growth from favorable an economic point of view 
because of limited carbohydrate supply under stress.  Previous studies suggested that the 
consumption of carbohydrates for new lateral root formation is significantly lower than for 
some other morphological and physiological traits under stressed conditions (Hodge, 2004 
and references therein).  Consequently, the formation of new lateral roots could be a good 
candidate trait for selecting drought-tolerant plants. 
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Figure 3.1 Spatial distribution of lateral root number along the taproot at 5 days after 
transplanting to well-watered (solid lines) and mild water deficit (dashed lines) conditions. 
Data are means ± SE (n = 3).  Asterisks refer to significant differences at the p<0.05 level. 
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Figure 3.2 Spatial distribution of lateral root length along the taproot at 5 days after 
transplanting to well-watered (solid lines) and mild water deficit (dashed lines) conditions.  
Data are means ± SE (n = 3).  Asterisks refer to significant differences at the p<0.05 level. 
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Figure 3.3 Spatial distribution of the mean length per lateral root along the taproot at 5 days 
after transplanting to well-watered (solid lines) and mild water deficit (dashed lines) 
conditions.  Data are means ± SE (n = 3).  Asterisks refer to significant differences at the 
p<0.05 level. 
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Figure 3.12 Time course of taproot elongation of two superior genotypes (PI 437863A and 
Magellan) and two inferior genotypes (PI 464920B and Pana).  Data are means ± SE (n = 
3).  Asterisks refer to significant differences at the p<0.05 level. 
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CHAPTER 4 
PLASTICITY OF ROOT SYSTEM DEVELOPMENT IN MORE MATURE SOYBEAN 
PLANTS UNDER SOIL DRYING CONDTIONS 
Introduction 
The seedling system which was developed for studies of root developmental plasticity 
in response to mild water deficits has several advantages over field studies.  It is rapid, 
allows precise and reproducible imposition of water deficits, and may be used for large scale 
screening of rooting characteristics under water deficit conditions.  However, it is important 
to determine if the genetic diversity in root system developmental plasticity observed at the 
seedling stage correlates with the responses of more mature plants.  In particular, in the 
seedling studies the whole root system was exposed to a uniform and constant water 
potential of the growth medium, whereas under drought conditions in the field plants are 
exposed to non-uniform spatial and temporal profiles of soil water availability. 
The objective of the studies reported in this chapter was to evaluate the spatial and 
temporal distributions of root development during 18 days of soil drying using more mature 
soybean plants.      
Materials and Methods 
Rate of soil drying is an important determinant of plant stress responses.  Accordingly, 
to compare root developmental plasticity during soil drying treatments among genotypes, it 
is desirable to choose genotypes with similar shoot development (particularly leaf area) and, 
therefore, transpirational surface area.   
Therefore, a preliminary experiment was carried out in which plants were grown in 3.8-L 
nursery pots for 27 days in a growth chamber under well-watered conditions.  The growth 
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conditions and the medium preparation were as described below in this chapter.  Five 
genotypes (PI 437863A, Magellan, PI 438258, PI 567217C, and PI 464920B) selected for 
contrasting root plasticity in the seedling studies, in order to identify a pair of genotypes with 
contrasting root plasticity at the seedling stage which exhibit similar shoot development as 
more mature plants.  Based on the results (Table 4.1), a superior genotype (PI 437863A) 
and an inferior genotype (PI 464920B) were selected for detailed evaluation.   
Original experimental design (Scanlan, 2006; illustrated in Figure 4.1a) 
Clear acrylic cylinders 150 cm in height and 23 cm in diameter were filled with a mixture 
of Promix (Premier Horticulture, Quebec, Canada) and sand (3:1 volumetric ratio) containing 
2.7 g/L of Scott’s Osmocote Plus (15-9-12), a slow release fertilizer (Scotts-Sierra 
Horticultural Products, Marysville, OH), to provide continuous nutrient supply during the 
experiment.  The bottom of the cylinder was covered with fiberglass mesh to allow drainage.  
Seed sterilization and germination were as described in Chapter 2.  Five to six seedlings 
with taproot length ranging from 11 to 25 mm were then transplanted into the soil, which was 
well watered with deionized water prior to transplanting and watered daily thereafter until 
water was withheld.  Starting at 3 days after transplanting, the seedlings were gradually 
thinned to one uniform seedling per cylinder.  The plants were grown in a growth chamber 
with a 16 h photoperiod at a photosynthetic photon flux density of 900 μmol photons m-2 s-1 
at the level of the canopy. The relative humidity in the chamber was 80/90% (day/night) and 
the temperature was 29/26 °C (day/night).  The soil drying treatment was initiated by 
withholding water when the first trifoliate leaves were fully expanded.  Well-watered plants 
continued to be watered daily with about 1000 mL of deionized water throughout the 
experiment.   
To monitor the spatial and temporal distributions of lateral root development, the 
outside surface of the cylinders was divided into ten successive 15-cm sections, and each 
section was sub-divided into four panels (15.3 × 15 cm each) which encompassed 81% of 
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the surface area of each section.  At 7, 14, and 18 days after withholding water and in well-
watered controls, photographs of each panel were taken using a digital camera (Olympus c-
5050, Olympus America Inc. NY) with a circular polarizing filter.  When photographing, the 
lights of the growth chamber remained on and the camera flash was not used.  The camera 
was attached to a Plexiglas jig that mounted to the cylinder in order to maintain a constant 
distance of the camera lens to the cylinder surface.  Except during photography, the 
cylinders were covered with black plastic sheet and aluminum foil to prevent light from 
reaching the roots.  The visible roots in each panel were traced from the photographs onto 
transparency films which were scanned and analyzed with WinRhizo Pro (Regent 
Instruments, Quebec, Canada).  Visible lateral root length at each depth was the sum of the 
lengths from the four panels from that section.   
The vertical distribution of soil water content was measured at noon daily using a PR1 
probe inserted into sleeves which were installed close to the center of the cylinders when 
filling with soil (Delta-T Devices, Cambridge, UK).  Water potential of the youngest fully 
expanded trifoliate leaves was measured using isopiestic thermocouple psychrometry at 7, 
14, and 18 days after withholding water and in well-watered controls (Boyer and Knipling, 
1965).  At the end of the experiment, total leaf area was measured with a LI-3100 leaf area 
meter (LI-COR, Lincoln, NE) and shoot dry weight was taken after oven-drying at 60°C for 
three days.  The root systems were excavated from the soil and taproot length was 
measured.  
Modified experimental design (illustrated in Figure 4.1b) 
A modified experimental design for the soil drying treatment was tested as a 
consequence of the unexpected plastic response observed using the original experimental 
design in PI 464920B, an inferior genotype in the seedling experiments.  The modified 
design forced the roots to grow into soil of reduced water potential as the experiment 
progressed, and simulated field conditions which lack over-winter water recharge. The 
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design was suggested by Dr. Steven Pallardy, Department of Forestry, University of 
Missouri and was based on Pallardy and Rhoads (1993).  The studies using the modified 
design were conducted by William E. McClain and Justin S. Garnett, again using PI 437863 
and PI 464920B.  The soil medium was the same as in the original design, except that in the 
soil drying treatment the soil water potential was pre-adjusted to -0.15 MPa prior to filling the 
cylinders from a depth of 25-150 cm.  For the top 25 cm, the soil was saturated and then 
drained for 2 days prior to adding to the cylinders.  The soil surface was kept moist by 
adding 50 mL deionized water daily until the first trifoliate leaves were fully expanded, when 
water was withheld  Other experimental procedures were the same as described for the 
original experimental design. 
Experimental design 
The experiments were arranged as a split-plot in space and time with three replicates. 
The water availability conditions were the main plot and the two soybean genotypes were 
the sub plot.      
Statistical Analysis 
A split-plot analysis of variance (ANOVA) in space and time was used to determine the 
main and interaction effects by using Mixed Procedures of SAS software version 9.1 (2002, 
SAS Institute Inc.).  Water levels and genotypes were considered as fixed effects, and 
replicates as random effect.  Means were examined with a series of pair-wise contrasts.  
The results of the statistical analysis are presented in Table II-4.  
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Results and Discussion 
1. Original experimental design 
The spatial distribution of visible lateral root length at 7, 14, and 18 days after 
withholding water and in well-watered controls is shown in Figure 4.2.  In well-watered 
plants, no significant differences were found in root development between PI 437863A and 
PI 464920B throughout the experiment (Figure 4.2).  This result allowed direct comparison 
of the effects of soil drying on root development between the genotypes.  At 7 days after 
withholding water, no significant changes of visible lateral root length compared to the well-
watered control were observed in either PI 437863A or PI 464920B (Table II-4.1, p<0.05).  
At 14 days after withholding water, however, significant increases of visible root length 
compared to the well-watered controls were found at 30-75 cm of the soil profile in both PI 
437863A and PI 464920B (Table II-4.1, p<0.05).  The responses of root development in the 
genotypes were similar although the visible lateral root length of PI 437863A was 
significantly longer than PI 464920B at 45-75 cm of the soil profile.  Significant decrease of 
visible root length was observed at 0-30 cm of the soil profile in PI 437863A and at 0-15 cm 
in PI 464920B.  At 18 days after withholding water, the increases of visible lateral root length 
compared to the well-watered controls occurred at 45-105 cm of the soil profile in both 
genotypes (Table II-4.1, p<0.05).  Again, the response was similar in the two genotypes.    
Visible lateral root length was significantly reduced at 0-30 cm of the soil profile in both 
genotypes under soil drying conditions, and the decrease of PI 437863A significantly greater 
than that of PI 464920B.   
Water content of the soil was maintained throughout the experiment for the well-
watered treatment. The changing patterns of soil water content after withholding water were 
similar between PI 437863A and PI 464920B, suggesting that the water extraction ability of 
61
the genotypes was similar (Figure 4.3; Table II-4.2, p<0.05).  At 7 days after withholding 
water, the water content of the top 40 cm of the soil profile was significantly decreased 
through evaporation and/or root extraction.  The water content did not significantly decrease 
at 60 cm of the soil profile until 11 days after withholding water, and at 100 cm of the soil 
profile until 17 days after withholding water.  Thus, water deficit conditions only occurred in 
the shallower soil profile and not in the deeper soil profile when water was withheld from the 
soil surface.   
Comparison of the soil water content data with the root distribution data indicates that 
roots were able to continuously grow into moist soil throughout the 18-day soil drying 
treatment.  Mid-day leaf water potentials of the plants in the soil-drying treatment suggested 
that, as a result of the maintenance of water uptake, the plants did not become severely 
water stressed in the soil drying treatment (Figure 4.4; Table II-4.3, p<0.05).  At 7 days after 
withholding water, no significant decreases of leaf water potential were found in PI 437863A 
and PI 464920B.  At 14 and 18 days after withholding water, there was a small decrease in 
leaf water potential in PI 437863A, but not in PI 464920B.   
Importantly, no significant decreases were found in total leaf area or shoot dry weight of 
the plants in the soil drying treatment compared to the well-watered control at the end of the 
experiment in either genotype (Table 4.2; Table II-4.4, p<0.05).  These results reinforce the 
conclusion that the plants did not become significantly water stressed since shoot growth is 
known to be a very sensitive indicator of water stress (Hsiao, 1973).  Significant decrease of 
shoot height was found in PI 464920B. 
The similar responses of lateral root development in PI 437863A and PI 464920B under 
the soil drying conditions were due to the non-uniform water availability for dryer soil surface 
and wetter deep soil, which represents field conditions which has sufficient water recharge 
or abundant groundwater supply.  The increases of lateral root length in the deep soil profile 
and the decreases in the soil surface suggest that tradeoff existed among lateral roots at 
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different soil depths (Ho et al., 2005).  Interestingly, longer lateral roots and deeper taproot 
(Table 4.2) of both PI 437863A and PI 464920B under soil drying conditions was closely 
related to the moisture gradient, suggesting a hydrotropic response (Eapen et al., 2005) 
which enables plant roots to take up water from wet soil and, therefore, alleviate plant from 
drought stress (Gregory, 1989).   
2. Modified experimental design 
The lack of diversity in the response of root system development to soil drying between 
PI 437863A and PI 464920B was unexpected based on the results of the seedling studies 
presented in Chapters 2 and 3.  However, detailed described as above, analysis of the soil 
water extraction patterns and of the effect of soil drying on shoot development suggested 
that this may have resulted from insufficient stress.   Accordingly, the soil drying experiments 
were repeated using the modified experimental design in which roots were forced to grow 
into subsoil of a pre-adjusted initial water potential of -0.15 MPa.  As the experiment 
progressed, the soil water content gradually decreased further via evaporation and/or root 
extraction until the soil water potential reached about -0.4 MPa throughout the cylinders by 
the end of the experiment.  Using this experimental design, the total leaf area, shoot height, 
and shoot dry weight under soil drying conditions were significantly decreased in both PI 
437863A and PI 464920B compared to the well-watered control (Table 4.3), indicating that 
the plants developed more severe water stress than in the original design.  Importantly, and 
in contrast to the results with the original design, PI 437863A exhibited considerably greater 
root development at depth compared to PI 464920B at 7, 14, and 17 days after withholding 
water (Figure 4.5). Thus, the results obtained with the modified design were consistent with 
the genetic diversity in root developmental plasticity at the seedling stage.  
Field conditions where there has been insufficient rainfall to fully recharge subsoil 
moisture may greatly increase crop failure under drought conditions, for example, in the 
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case of the severe drought in Illinois in 1988-1989 (Hollinger et al., 1992).  The modified 
experimental design stimulates such field conditions, and therefore the correlation of root 
developmental plasticity in response to water deficit between the seedling stage and more 
mature plants when using this design further validates the use of the seedling system for 
effective genetic analysis of root plasticity responses to soil drying that may favor crop yield 
under severe drought conditions.   
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Figure 4.1 Schematic representation of the modified experimental design for dry soil 
culture system.  (a) The original experimental design which allows soil dry down from 
surface; (b) the modified experimental design which forces root to grow into dry-soil. 
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Figure 4.3 Relative soil water content of PI 437863A and PI 464920B under soil drying 
and well-watered conditions.  Data are means ± SE (n = 3).   
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Figure 4.4 Mid-day leaf water potential of soybean plants.  Data are means ± SE (n = 3). 
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CONCLUSIONS 
 
1. A valid seedling system with precisely controlled soil water potential and other 
environmental factors was established to select for rooting characteristics in 
response to mild water deficit. 
2. Substantial genetic diversity in seedling root system developmental plasticity in 
response to water deficit occurred in both native and non-natively adapted 
genotypes. 
3. Superior genotypes exhibited greater lateral root proliferation at depth. This 
response was attributable to a stimulation of root production rate and did not 
involve increases in root elongation rate or earlier emergence. 
4. Consistent genetic diversity in lateral root proliferation under water deficit 
conditions were demonstrated between the seedling system and in studies with 
more mature soybean plants using an experimental design for soil drying which 
simulated soil water availability conditions under severe drought in the field. 
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APPENDIX I 
 
ESTABLISHMENT OF THE SCREENING SYSTEM FOR SOYBEAN ROOT 
PLASTICITY IN RESPONSE TO MILD WATER DEFICITY AT THE SEEDLING STAGE 
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Table I-1 Comparison of dark-grown and light-grown soybean seedlings at different 
levels of water availability after 96 h of treatment 
 
Trait Genotype 
Well-watered  Mild water deficit 
Dark-grown Light-grown  Dark-grown 
Light-
grown 
Taproot 
length 
(cm) 
Magellan 22.1± 0.5 28.6±0.2  25.5±0.4 26.3±0.3 
Williams 82 20.2±0.8 26.5±0.6  21.9±0.6 25.2±0.2 
Maverick 24.4±0.4 25.5±0.2  24.2±0.3 23.2±0.2 
Shoot 
length 
(cm) 
Magellan 14.5± 0.5 5.4±0.2  10.4±0.6 3.2±0.2 
Williams 82 15.8±0.5 11.3±0.4  9.0±0.4 8.6±0.2 
Maverick 13.8±1.0 11.6±0.3  7.2±0.5 7.6±0.2 
Total 
lateral root 
number 
Magellan 49.9± 1.4 54.7±1.4  75.5±2.6 66.4±0.7 
Williams 82 42.8±1.7 59.0±2.5  59.0±2.4 68.8±5.8 
Maverick 62.5±2.1 51.2±1.4  68.4±2.4 50.7±0.4 
Total 
lateral root 
length 
(cm) 
Magellan 59.1± 3.3 119.5±2.8  86.2±3.9 99.7±5.0 
Williams 82 42.5±2.4 93.2±3.9  44.9±2.6 81.7±7.7 
Maverick 81.6±3.5 103.6±3.7  100.9±3.6 87.0±2.7 
Data are means ± SE (n = 3).
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 Table I-2 Comparison of lateral root responses to water deficit of Magellan, Williams 82, 
and Maverick after growing with a 14 h photoperiod for 96 h 
 
Genotype Treatment 
Lateral Root 
Number 
(exclude the 
top 3 cm of 
the taproot)
Top 3 cm 
Lateral Root 
Number 
Lateral Root 
Length (cm, 
exclude the 
top 3 cm of 
the taproot) 
Top 3 cm 
Lateral Root 
Length (cm)
Magellan 
Well-watered 38.5±1.2 16.2±0.5 41.5±1.3 78.1±1.6 
Mild water deficit 51.9±0.5 14.5±0.4 50.0±3.6 49.7±1.6 
Ratio 134.7% 89.4% 120.7% 63.6% 
Williams 82 
Well-watered 45.4±1.9 13.6±0.7 46.4±2.1 46.8±2.1 
Mild water deficit 53.1±5.3 15.7±1.6 40.2±5.8 41.4±3.3 
Ratio 116.8% 115.4% 86.8% 88.5% 
Maverick 
Well-watered 37.7±1.5 13.4±0.4 37.8±2.4 65.8±3.0 
Mild water deficit 38.0±1.0 12.7±0.8 29.7±0.6 57.3±3.0 
Ratio 100.6% 94.8% 78.4% 87.1% 
Data are means ± SE (n = 3).  Numbers in ratio are mild water deficit over well-watered 
treatment. 
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Table I-3 Comparison of light-grown Magellan seedlings in medium mixed with 10 mM 
CaCl2 and 10 mM Ca(NO3)2  versus medium mixed with full strength nutrient solution 
after growing with a 14 h photoperiod for 5 days 
 
Trait 
Well-watered  Mild water deficit 
Full strength 
nutrients  
10 mM CaCl2 
and 10 mM 
Ca(NO3)2 
 Full strength nutrients 
10 mM CaCl2 
and 10 mM 
Ca(NO3)2 
Taproot length (cm) 38.25±0.31 35.41±0.93 33.35±0.85 32.57±0.64 
Shoot length (cm) 8.66±0.13 6.89±0.51 5.91±0.11 4.47±0.36 
Lateral root length at 
top 3 cm (cm) 105.85±5.11 88.64±5.83 62.34±3.69 56.93±2.88 
Lateral root length (cm, 
exclude the top 3 cm of 
the taproot) 
77.30±5.95 71.20±9.22 115.79±7.00 100.85±16.34 
Lateral root number at 
top 3 cm 20.8±1.2 20.3±1.2 18.6±0.6 17.3±0.9 
Lateral root number 
(exclude the top 3 cm 
of the taproot) 
58.6±6.2 63.1±3.4 84.5±3.1 80.7±5.8 
Shoot dry weight (mg) 37.24±0.5 31.14±3.14 26.08±0.40 24.41±1.33 
Root dry weight (mg) 29.75±0.72 29.06±2.21 26.52±1.60 25.29±1.89 
Data are means ± SE (n = 3).  
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Figure I-1.1 Plasticity of lateral root number in response to various water deficit conditions 
of light-grown Magellan, PI 437654, and Essex at 120 h and dark-grown Williams 82 at 96 
h after transplanting (LG Hejlek and JS Garnett, personay communication).   
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Figure I-1.2 Relationship between developmental plasticity of lateral root number 
(excluding the top 3 cm of the taproot) in seedling studies and the yield in field trials.  Data 
are means ± SE (n = 3) or means for one replicate.  The genotypes were classified as 
drought resistant (R) or drought sensitive (S) based on yield performances (shown in black 
boxes with the ratio of non-irrigated over irrigated controls) in field trials by Dr. J Specht at 
the University of Nebraska.  
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APPENDIX II 
 
ANALYSIS OF VARIANCE TABLES 
81
The Mixed Procedure for developmental plasticity of lateral root number, lateral 
root length, etc.  
Class Level Information 
Class Levels Values 
Genotype 11     1 2 3 4 5 6 7 8 9 10 11
Replicate 3 1 2 3 
 
Table II-2.1  
Analysis of variance for soybean developmental plasticity of tested genotypes at 5 days 
after transplanting. F values are shown with their probability levels.   Asterisks indicate 
significant differences at probability level of p<0.05. 
 
Trait Genotypes (df=10) Probability Significance
Lateral root number (exclude the top 3 cm 
of the taproot) 3.35 0.0086 * 
Lateral root length (exclude the top 3 cm 
of the taproot) 2.19 0.0607  
Lateral root number at top 3 cm 2.40 0.0421 * 
Lateral root length at top 3 cm 1.44 0.2280  
taproot growth 2.90 0.0179 * 
Shoot length 0.80 0.6247  
Root biomass 2.51 0.0347 * 
Shoot biomass 1.86 0.1090  
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 The Mixed Procedure for lateral root number, lateral root length, etc.  
Class Level Information 
Class Levels Values 
Genotype 11     1 2 3 4 5 6 7 8 9 10 11
treatment 2 1 2  
Replicate 3 1 2 3 
 
Table II-2.2  
Analysis of variance for soybean growth traits of tested genotypes grown in well-watered 
or mild water deficit conditions at 5 days after transplanting. F values are shown with 
their probability levels in parentheses.    
 
Trait Treatment  (df=1) 
Genotypes 
 (df=10) 
Interaction 
(df=10) 
Lateral root number (exclude the top 3 
cm of the taproot) 
93.38    
(<.0001) 
2.45    
(0.0383) 
2.08        
(0.0731) 
Lateral root length (exclude the top 3 
cm of the taproot) 
112.16    
(<.0001) 
2.58    
(0.0306) 
1.90       
(0.1012) 
Lateral root number at top 3 cm 20.27    (0.0002) 
1.14    
(0.3777) 
2.57       
(0.0313) 
Lateral root length at top 3 cm 178.17    (<.0001) 
1.02    
(0.4565) 
1.64    
(0.1593) 
taproot growth 77.15    (<.0001) 
3.47    
(0.0072) 
2.54    
(0.0327) 
Shoot length 327.50    (<.0001) 
3.74    
(0.0048) 
2.56    
(0.0316) 
Root biomass 89.71    (<.0001) 
0.78    
(0.6502) 
2.91    
(0.0175) 
Shoot biomass 223.59    (<.0001) 
2.67    
(0.0263) 
1.99    
(0.0855) 
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The Mixed Procedure for spatial distribution of lateral root number, lateral root 
length, root length per lateral root 
Class Level Information 
Class Levels Values 
Genotype 8     1 2 3 4 5 6 7 8
Treatment 2 1 2  
Depth  7 1 2 3 4 5 6 7  
Replicate 3 1 2 3 
 
Table II-3.1 
Analysis of variance for a split-plot in space of lateral root number of eight soybean 
genotypes at 5 days after transplanting. F values are shown with their probability levels.   
Asterisks indicate significant differences at probability level of p<0.05. 
 
Effect  Degree of freedom F Value Probability Significance 
Genotype 7 1.58 0.2120  
Treatment 1 11.35 0.0039 * 
Genotype * Treatment 7 2.89 0.0373 * 
Depth 6 303.92 <.0001 * 
Genotype * Depth 42 3.99 <.0001 * 
Treatment * Depth 6 21.04 <.0001 * 
Genotype * Treatment * 
Depth 42 1.04 0.4105  
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Table II-3.2 
Analysis of variance for a split-plot in space of lateral root length of eight soybean 
genotypes at 5 days after transplanting. F values are shown with their probability levels.   
Asterisks indicate significant differences at probability level of p<0.05. 
 
Effect  Degree of freedom F Value Probability Significance 
Genotype 7 1.31 0.3069  
Treatment 1 7.19 0.0164 * 
Genotype * Treatment 7 2.76 0.0440 * 
Depth 6 1401.59 <.0001 * 
Genotype * Depth 42 3.99 <.0001 * 
Treatment * Depth 6 86.52 <.0001 * 
Genotype * Treatment * Depth 42 1.30 0.1239  
 
Table II-3.3 
Analysis of variance for a split-plot in space of individual lateral root elongation of eight 
soybean genotypes at 5 days after transplanting. F values are shown with their probability 
levels.   Asterisks indicate significant differences at probability level of p<0.05. 
 
Effect  Degree of freedom F Value Probability Significance 
Genotype 7 2.01 0.1176  
Treatment 1 0.44 0.5153  
Genotype * Treatment 7 1.47 0.2453  
Depth 6 671.39 <.0001 * 
Genotype * Depth 42 3.78 <.0001 * 
Treatment * Depth 6 4.55 0.0002 * 
Genotype * Treatment * Depth 42 1.38 0.0788  
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The Mixed Procedure for lateral root production and elongation of temporal study 
with specific growth box 
Class Level Information 
Class Levels Values
Genotype 4     1 2 3 4
Treatment 2 1 2  
Day 2 1 2 
Depth  4 1 2 3 4 
Replicate 3 1 2 3 
Table II-3.4a  Analysis of variance for a split-plot in space and time of lateral root 
production of four soybean genotypes at 2 and 3 days after transplanting. F values are 
shown with their probability levels.   Asterisks indicate significant differences at probability 
level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 3 31.76 <.0001 * 
Treatment 1 0.70 0.4078  
Genotype * Treatment 3 0.42 0.7425  
Day 1 681.43 <.0001 * 
Genotype * Day 3 12.21 <.0001 * 
Treatment * Day 1 2.11 0.1554  
Genotype * Treatment *Day 3 0.92 0.4414  
Depth 3 861.51 <.0001 * 
Genotype * Depth 9 3.75 0.0004 * 
Treatment * Depth 3 1.26 0.2900  
Genotype * Treatment * Depth 9 0.88 0.5427  
Day * Depth 3 123.09 <.0001 * 
Genotype * Day * Depth 9 5.55 <.0001 * 
Treatment * Day * Depth 3 0.60 0.6142  
Genotype * Treatment * Day * Depth 9 0.57 0.8177  
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Class Level Information 
Class Levels Values 
Genotype 4     1 2 3 4 
Treatment 2 1 2  
Day 2 1 2 
Depth  7 1 2 3 4 5 6 7 
Replicate 3 1 2 3 
Table II-3.4b Analysis of variance for a split-plot in space and time of lateral root 
production of four soybean genotypes at 4 and 5 days after transplanting. F values are 
shown with their probability levels.   Asterisks indicate significant differences at probability 
level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 3 27.86 <.0001 * 
Treatment 1 16.39 0.0003 * 
Genotype * Treatment 3 2.98 0.0443 * 
Day 1 203.40 <.0001 * 
Genotype * Day 3 1.44 0.2469  
Treatment * Day 1 11.47 0.0018 * 
Genotype * Treatment *Day 3 0.48 0.6971  
Depth 6 427.82 <.0001 * 
Genotype * Depth 18 3.34 <.0001 * 
Treatment * Depth 6 1.98 0.0698  
Genotype * Treatment * Depth 18 1.55 0.0737  
Day * Depth 6 34.21 <.0001 * 
Genotype * Day * Depth 18 0.96 0.5070  
Treatment * Day * Depth 6 2.83 0.0110 * 
Genotype * Treatment * Day * Depth 18 0.39 0.9886  
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The Mixed Procedure for lateral root production and elongation of temporal study 
with specific growth box 
Class Level Information 
Class Levels Values
Genotype 4     1 2 3 4
Treatment 2 1 2  
Day 2 1 2 
Depth  4 1 2 3 4 
Replicate 3 1 2 3 
Table II-3.5a  Analysis of variance for a split-plot in space and time of individual lateral root 
elongation of four soybean genotypes at 2 and 3 days after transplanting. F values are 
shown with their probability levels.   Asterisks indicate significant differences at probability 
level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 3 2.71 0.0797  
Treatment 1 1.05 0.3201  
Genotype * Treatment 3 0.73 0.5476  
Day 1 70.48 0.0035 * 
Genotype * Day 3 1.92 0.1676  
Treatment * Day 1 0.75 0.3979  
Genotype * Treatment *Day 3 0.59 0.6314  
Depth 3 481.22 <.0001 * 
Genotype * Depth 9 1.90 0.0703  
Treatment * Depth 3 2.15 0.1035  
Genotype * Treatment * Depth 9 0.45 0.9039  
Day * Depth 3 653.48 <.0001 * 
Genotype * Day * Depth 9 1.09 0.3838  
Treatment * Day * Depth 3 2.11 0.1086  
Genotype * Treatment * Day * Depth 9 0.87 0.5609  
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Class Level Information 
Class Levels Values 
Genotype 4     1 2 3 4 
Treatment 2 1 2  
Day 2 1 2 
Depth  7 1 2 3 4 5 6 7 
Replicate 3 1 2 3 
Table II-3.5b  Analysis of variance for a split-plot in space and time of individual lateral root 
elongation of four soybean genotypes at 4 and 5 days after transplanting. F values are 
shown with their probability levels.   Asterisks indicate significant differences at probability 
level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 3 8.12 0.0016 * 
Treatment 1 0.46 0.5059  
Genotype * Treatment 3 0.22 0.8799  
Day 1 92.04 0.0024 * 
Genotype * Day 3 5.36 0.0095 * 
Treatment * Day 1 6.27 0.0235 * 
Genotype * Treatment *Day 3 0.03 0.9921  
Depth 6 942.97 <.0001 * 
Genotype * Depth 18 2.55 0.0015 * 
Treatment * Depth 6 1.88 0.0908  
Genotype * Treatment * Depth 18 0.46 0.9696  
Day * Depth 6 116.67 <.0001 * 
Genotype * Day * Depth 18 1.52 0.0965  
Treatment * Day * Depth 6 2.23 0.0045 * 
Genotype * Treatment * Day * Depth 18 0.95 0.5224  
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The Mixed Procedure for taproot elongation 
Class Level Information 
Class Levels Values 
Genotype 4     1 2 3 4 
Treatment 2 1 2  
day  5 1 2 3 4 5 
Replicate 3 1 2 3 
 
Table II-3.6 
Analysis of variance for a split-plot in time of taproot elongation of four soybean genotypes. 
F values are shown with their probability levels.   Asterisks indicate significant differences 
at probability level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 3 6.85 0.0026 * 
Treatment 1 0.75 0.4010  
Genotype * Treatment 3 0.28 0.8392  
Day 4 6029.30 <.0001 * 
Genotype * Day 12 15.52 <.0001 * 
Treatment * Day 4 3.10 0.0213 * 
Genotype * Treatment * Day 12 0.97 0.4825  
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The Mixed Procedure for visible lateral root length in soil dry down system 
Class Level Information 
Class Levels Values 
Genotype 2     1 2 
Treatment 2 1 2  
Depth  8 1 2 3 4 5 6 7 8
Day 3 1 2 3 
Replicate 3 1 2 3 
Table II-4.1 
Analysis of variance for a split-plot in space and time of visible lateral root length of two 
soybean genotypes at 7, 14, and 17 days after withholding water. F values are shown with 
their probability levels.   Asterisks indicate significant differences at probability level of 
p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 1 0.06 0.8212  
Treatment 1 8.25 0.0453 * 
Genotype * Treatment 1 0.82 0.4165  
Day 2 151.20 <.0001 * 
Genotype * Day 2 2.03 0.1337  
Treatment * Day 2 8.72 0.0002 * 
Genotype * Treatment *Day 2 0.68 0.5060  
Depth 7 102.22 <.0001 * 
Genotype * Depth 7 1.02 0.4210  
Treatment * Depth 7 42.19 <.0001 * 
Genotype * Treatment * Depth 7 6.44 <.0001 * 
Day * Depth 14 75.37 <.0001 * 
Genotype * Day * Depth 14 9.94 <.0001 * 
Treatment * Day * Depth 14 27.50 <.0001 * 
Genotype * Treatment * Day * Depth 14 5.06 <.0001 * 
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The Mixed Procedure for relative soil water content 
Class Level Information 
Class Levels Values 
Genotype 2     1 2 
Treatment 2 1 2  
Depth  6 1 2 3 4 5 6  
Day 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Replicate 3 1 2 3 
 
Table II-4.2 
Analysis of variance for a split-plot in space and time of relative soil water content of two 
soybean genotypes after withholding water. F values are shown with their probability 
levels.   Asterisks indicate significant differences at probability level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 1 10.72 0.0307 * 
Treatment 1 1069.36 <.0001 * 
Genotype * Treatment 1 0.05 0.8313  
Day 17 146.03 <.0001 * 
Genotype * Day 17 3.57 <.0001 * 
Treatment * Day 17 96.37 <.0001 * 
Genotype * Treatment *Day 85 1.02 0.4304  
Depth 5 1629.54 <.0001 * 
Genotype * Depth 5 33.24 <.0001 * 
Treatment * Depth 5 300.54 <.0001 * 
Genotype * Treatment * Depth 5 53.40 <.0001 * 
Day * Depth 85 5.44 <.0001 * 
Genotype * Day * Depth 17 1.37 0.1449  
Treatment * Day * Depth 85 3.81 <.0001 * 
Genotype * Treatment * Day * Depth 85 0.74 0.9574  
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The Mixed Procedure for leaf water potential 
Class Level Information 
Class Levels Values
Genotype 2     1 2 
Treatment 2 1 2  
Day 3 1 2 3  
Replicate 3 1 2 3 
 
Table II-4.3 
Analysis of variance for a split-plot in time of leaf water potential of two soybean genotypes 
at 7, 14, and 17 days after withholding water. F values are shown with their probability 
levels.   Asterisks indicate significant differences at probability level of p<0.05. 
Effect  Degree of freedom F Value Probability Significance 
Genotype 1 13.13 0.0223 * 
Treatment 1 10.01 0.0341 * 
Genotype * Treatment 1 0.29 0.6217  
Day 2 5.75 0.0131 * 
Genotype * Day 2 3.50 0.0550  
Treatment * Day 2 5.20 0.0182 * 
Genotype * Treatment *Day 2 2.95 0.0810  
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The Mixed Procedure for leaf area, shoot height, shoot dry weight, and taproot 
length 
Class Level Information 
Class Levels Values
Genotype 2     1 2 
Treatment 2 1 2  
Replicate 3 1 2 3 
 
Table II-4.4 
Analysis of variance for a split-plot of leaf area, shoot height, shoot dry weight, and taproot 
length of two soybean genotypes at 17 days after withholding water. F values are shown 
with their probability levels.    
Trait Genotypes (df=1) 
Treatment 
(df=1) 
Interaction 
(df=10) 
Leaf area 0.67    (0.4601) 
0.49    
(0.5213) 
6.39          
(0.0648) 
Shoot height 35.58    (0.0040) 
19.88    
(0.0112) 
5.15          
(0.0858) 
Shoot dry weight 0.06    (0.8245) 
0.46    
(0.5368) 
6.46          
(0.0639) 
Taproot length 14.39    (0.0192) 
299.15    
(<.0001) 
37.68    
(0.0036) 
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APPENDIX III 
 
EFFECT OF WATER DEFICITS ON ROOT HAIR PLASTICITY IN SOYBEAN 
SEEDLINGS 
(Project for Forest 8625, Plant-Water Relations Lab) 
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Introduction 
Water deficit is one of the most important abiotic factors inhibiting crop yield in the 
world, and crops are always exposed to periodic or long-term water scarcity during their life 
cycles (Boyer, 1982).  Plant roots take up water from the soil; consequently, morphological 
and architectural changes of plant roots greatly influence the efficiency of water uptake.  
Previous studies showed that deeper root systems, especially proliferated lateral roots, 
enable plants to resist water deficit by increasing accessibility to water resources in the soil 
(Huck et al., 1986; Robertson et al., 1980; Silvius et al., 1977), and are highly correlated with 
the patterns of soil water extraction (Allmaras et al., 1975; Arya et al., 1975).   
Root hairs are formed from single subcellular root epidermal cells and are continuously 
produced close to root tips of both taproot and lateral roots, and they serve in nutrient and 
water uptake from the soil by greatly increasing the absorptive area of the root (Ma et al., 
2001; Gilroy and Jones, 2000;  Zhang et al., 2003).  Root hair number and size vary in 
different species and genotypes within a species, partially due to the large variation of total 
length of lateral roots.  Root hairs closely adhere to soil particles, and any changes of the 
ambient environment will affect root hair development accordingly.  Therefore, root hair 
growth might be the fastest indicator among root traits which respond to water deficit 
conditions.  It was found that increased root hair growth in dry soils may be an adaptation of 
maize by providing greater root absorptive surface for nutrient uptake (Mackay and Barber, 
1987), but progressive drought stress caused elimination of root hairs in Sinapis alba 
(Vartanian, 1981).  To date, little is known about the responses of root hairs to water deficit 
conditions in soybean. 
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The aim of the present work was to explore soybean root hair developmental plasticity 
under different water availability conditions. 
Materials and methods 
Experiments were conducted with soybean (Glycine max (L.) Merr.) c.v. Magellan, 
which is a maturity IV soybean that exhibits increased superior lateral root proliferation under 
mild water deficit (Chapter 2). The experiment was conducted at five soil water potentials: 
well-watered (-0.07 MPa, soil was saturated and well drained), -0.3, -0.6, -1.0, and -1.4 MPa, 
which were measured on the last day of the experiments.  The medium was filled into 
Plexiglas containers (30 cm length, 10 cm wide and 20 cm tall).  Twenty four uniform 
seedlings with taproot lengths of 15-20 mm were transplanted into one growth container 
along the wall.  Other growth conditions were the same as described in Chapter 2.  
At 1, 2, and 3 days after transplanting (DAT), the intact root systems of six to seven 
seedlings were gently removed from the soil, preserved in 30% ethanol and stored in a dark 
cold room at 4°C.  Four soybean seedlings were chosen for the analysis of root hairs.  
Soybean root hairs in the mature zone of the taproot with maximal hair length were 
examined for root hair length and density under a dissection microscope (40x, Olympus 
CK2, Japan) using a calibration micrometer (Zhu et al., 2005).  In addition, density and 
length of uniform root hairs close to the tip of the taproot and root hair density on lateral roots 
(if formed) were determined.  Other root traits including primary root length, lateral root and 
primordium number, and the starting point of visible lateral roots were determined.  
Statistical analysis 
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A split-plot analysis of variance (ANOVA) in space was used to determine the main and 
interaction effects by using Mixed Procedures of SAS software version 9.1 (2002, SAS 
Institute Inc.).  The water availability conditions were considered as fixed effects, and 
replicates as random effect.  Means were examined with a series of pair-wise contrasts.   
Data for lateral root initiation, density, and the number of lateral root primodia at 3 days 
after transplanting were analyzed as complete randomized designs with ANOVA by using 
Mixed Procedures of SAS software version 9.1 (2002, SAS Institute Inc.). 
Results 
Effects of soil drying on soybean taproot growth and lateral root development 
The taproot growth for the different treatments at different days after transplanting is 
shown in Figure III-1.  Compared with well-watered plants, taproot elongation at 1 DAT was 
maintained at -0.3 and -0.6 MPa and significantly reduced at -1.1 and -1.4 MPa.  At 3 DAT, 
however, taproot elongation at -0.3 MPa was slightly inhibited, and significant reduction of 
taproot elongation was found at -0.6, -1.1, and -1.4 MPa.  
Water deficits also had a large effect on lateral root production (Figure III-2).  At 1 DAT, 
few lateral roots were produced in all water treatments.  At 2 DAT, about 20 lateral roots 
were produced under well-watered coniditions and at -0.3 MPa, about 10 lateral roots were 
produced at -0.6 MPa, and few lateral roots were produced at -1.1 and -1.4 MPa.  At 3 DAT, 
the same trend of lateral root production was found.  To conduct a detailed comparison of 
lateral root production of soybeans grown under well-watered and -0.3 MPa at 3 DAT, lateral 
root initiation was measured and lateral root density was calculated as the number of lateral 
roots/length of primary root with emerged lateral roots.  The results showed that the location 
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of lateral roots in the well-watered and -0.3 MPa treatments was similar.  Interestingly, lateral 
root density at -0.3 and -0.6 MPa was significantly higher than that of the well-watered 
control, but more severe water deficits decreased lateral root density (Table III-1).   
Total number of lateral root primodia was also determined and there were no significant 
differences among the water availability conditions although a tendency to decrease was 
found when water availability was lower (data not shown).   
Effects of soil drying on soybean root hair density 
Root hair density was greatly affected by water supply (Figure III-3 and III-4).  At 1 and 2 
DAT, the density of root hairs in the upper soil profile significantly declined at -0.6, -1.1, and -
1.4 MPa, but not at -0.3 MPa (Figure III-3).  At 3 DAT, however, the density of root hairs in 
the upper soil profile was significantly reduced under all water stress levels (Figure III-3).     
Interestingly, the density of root hairs in the deeper soil profile under water deficit 
conditions had a significantly differential response when compared to the well-watered 
treatment (Figure III-4).  At 1 DAT, there was no significant difference in density of root hairs 
among the water potential treatments, although it was slightly decreased under water deficit 
conditions. At 2 DAT, however, root hair density was promoted at -0.3 MPa and inhibited at -
1.1 MPa when compared to the well-watered treatment. In addition, root hair density at -0.3 
and -0.6 MPa was significantly higher than under more severe water deficit conditions, 
although it was also significantly higher than in well-watered plants on the last day of the 
experiment.   
In addition, the density of root hairs which were formed on lateral roots was measured 
for soybeans grown under well-watered, -0.3 MPa, and -0.6 MPa conditions; no root hairs 
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were found at -1.1 and -1.4 MPa due to delayed development of lateral roots.  The results 
showed that root hair densities of the three treatments were very close, 16.1±0.2, 16.3±0.1, 
and 17.0±0.1 root hairs per millimeter of lateral root under well-watered, -0.3 MPa, and -0.6 
MPa conditions, respectively.  
Effects of soil drying on soybean root hair length 
Under well-watered conditions, the mature root hairs surrounding lateral root initiates 
were about 0.3 mm in length and continued to elongate during the experiment.  Plentiful root 
hairs were produced close to the tip of the taproots, but they were relatively shorter in lower 
soil than root hairs formed in the upper soil profile (Figure III-5 and III-6).   
Root hair elongation at the different water potentials is shown in Figure III-5.  At 2 and 3 
DAT, the average length of root hairs in the upper soil profile at -0.6, -1.1, and -1.4 MPa was 
found to be significantly shorter than in well-watered plants, but there was no significant 
difference in length between the -0.3 MPa and well-watered treatments.  Compared with 
sufficient water supply, plants under water deficit had significant shorter root hairs at 1 DAT.  
In the following days, root hairs elongation at -0.3 MPa was higher than in well-watered 
plants, and it was significantly inhibited by severe water deficit conditions.  
Interestingly, root hairs in the deeper soil profile at -0.3 MPa and -0.6 MPa were 
significantly longer than in well-watered plants at 3 DAT, and were also slightly stimulated at 
-1.1 and -1.4 MPa (Figure III-6).  At 1 DAT, however, root hair length at -1.1 and -1.4 MPa 
was significantly shorter than in the other treatments, and it was enhanced at -0.3 and -1.1 
MPa at 2 DAT.   
Discussion 
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The results indicate that water deficit is a major limiting factor for soybean root 
development.  Mild water deficit had little effect on primary root growth in the present 
experiment, consistently with previous findings in soybean (Creelman et al., 1990; He et al., 
unpublished data).  Severe water deficit, however, significantly reduced primary root growth, 
which is consistent with previous studies with maize (Sharp et al., 1988).     
Abundant lateral root proliferation under mild water deficit may be an advantage for 
soybean plants to enable higher accessibility to water available in soil which is beneficial for 
higher efficiency of water uptake.  It was suggested that there are four main stages of lateral 
root development: initiation, formation of primordium, emergence of lateral roots, and 
elongation (Casimiro et al., 2003).  Therefore, it was of interest to clarify how lateral root 
development was affected under water deficit conditions.  The results showed that lateral 
root primordium formation under water deficit conditions was not dramatically changed, but 
lateral root formation was remarkably arrested at water potentials lower than -0.6 MPa.  
Interestingly, lateral root initiation of soybeans at -0.3 MPa was the same as that under well-
watered conditions, but with a relatively higher density of emerged lateral roots.  Therefore, 
the results suggest that the promotion of lateral root development under mild water deficit 
conditions, which was shown in Chapters 2 and 3, was caused by higher emergence rate 
rather than stimulated lateral root primordial formation.    
Root hairs are very important for water uptake because root hairs are continuously 
produced along both primary root and lateral roots, and in addition old root hairs are broken 
down due to a short life span.  Three proposed advantages of root hairs in water absorption 
are increasing surface area (Itoh and Barber, 1983), decreasing resistance of water 
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transport (Cailloux, 1974), and entering soil pores filled with water (McCully, 1995; Newman, 
1974).  In the present study, root hair production in the upper soil profile was significantly 
inhibited under water deficit conditions, but was substantially promoted in the deeper soil 
profile under mild water deficit conditions.  The results were consistent with previous findings 
of increasing root hair density and elongation in maize (Mackay and Barber, 1987), but not 
with the findings of Sinapis alba (Vartanian, 1981).  Similarly, root hair elongation in the 
upper soil profile was significantly reduced under water deficit conditions, and it was 
dramatically increased in the deeper soil profile at -0.3 and to -0.6 MPa.  This may imply that 
the water deficit signal comes from roots in the upper soil profile where roots first sense the 
stimulation.  In turn, the “thirsty” signal may be transferred towards to the root tip and 
subsequently lateral root and root hair development were enhanced.   
One possibility to account for the increased root hair production and elongation in the 
deeper soil profile is the tradeoff between the development of the taproot and the root hairs.  
Although this may be true at water potentials lower than -0.6 MPa, it is not true for the 
soybeans grown at -0.3 MPa because the taproot elongation was not significantly arrested 
under this condition. Another possibility is that increased root hair production is indeed a 
water deficit induced response to enable higher water absorption efficiency, because root 
hairs close to tip of primary roots had a larger uptake rate than root hairs on top of the root 
system (Rosene, 1943).  
Enhancement of root hair growth could be regulated by hormones.  Auxin and ethylene 
are involved in increasing length and density of root hairs in iron- and phosphorus- deficient 
Arabidopsis (Lee and Cho, 2006; Schmidt and Schikora, 2001).  However, the signal 
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transduction pathway and other regulatory mechanisms involved in soybean root hair 
response to water deficit are unclear and deserve further investigation. In addition, only one 
cultivar of soybean was examined in the present study, and it will be interesting to explore if 
there is genetic diversity among different genotypes.  
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Figure III-1.  Primary root growth of soybean grown at different soil water potentials at 1, 2 
and 3 days after transplanting (DAT). Data are means ± SE (n = 4).  
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Figure III-2.  Lateral root production of soybean grown at different soil water potentials at 1, 2 
and 3 days after transplanting (DAT). Data are means ± SE (n = 4). 
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Figure III-3.  Density of root hair in upper soil profile at different soil water potentials at 1, 
2 and 3 days after transplanting (DAT).  Data are means ± SE (n = 4). Different letters 
indicate significant differences at the p<0.05 level.  
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Figure III-4.  Density of root hair in deeper soil profile at different soil water potentials at 
1, 2 and 3 days after transplanting (DAT).  Data are means±SE (n = 4). Different letters 
indicate significant differences at the p<0.05 level.  
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Figure III-5.  Elongation of root hair in upper soil profile at different soil water potentials 
at 1, 2 and 3 days after transplanting (DAT). Data are means ± SE (n = 4). 
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Figure III-6.  Elongation of root hair in deeper soil profile at different soil water potentials 
at 1, 2 and 3 days after transplanting (DAT). Data are means ± SE (n = 4). 
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